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Economics of Wood 
vs. Natural Gas and Coal Energy in Ohio 
MARCIA GOWEN and FRED HITZHUSEN1 
INTRODUCTION 
Fuel price increases of the 1970's have encouraged 
Ohio's industrial sector to look for new, less costlv 
feedstocks to substitute for fossil fuels. Enforcement ~f 
stricter air pollution standards has speeded up the sub-
stitution process. Wood is one feedstock often pro-
posed as an alternative, renewable fuel. Wood's attrac-
tive characteristics are its Ienewability, low sulfur 
content, and abundant supply, particularly in south-
eastern Ohio. In contrast to other biomass feedstocks (I, 
2, 13, 28, 30, 32), the use of wood as a boiler fuel has 
received limited economic analysis in Ohio (5). This 
report compares the use of wood, natural gas, and coal 
as boiler fuels in three Ohio case plants assuming vary-
ing levels of land and air pollution standards. The 
method of comparison is discounted cash flow finan-
cial analysis combined with a constrained optimization 
model for economic (social costs and returns) analysis. 
Natural gas, fuel oil, and coal have been Ohio's tradi-
tional boiler fuels since the late 1940's (26). Until the 
mid 1970's, nat mal gas and coal were less expensive per 
energy input than forest chips and almost as low as 
wood wastes (Fig. 1 ). However, the 1973-74 oil embargo. 
natural gas deregulation, and the resulting fuel substi-
tution effects created upward pressure on fuel oil, natu-
ral gas, and coal prices. In contrast to fossil fuel prices, 
the costs for pulpwood or forest chips and wood wastes 
remained stable over the decade. By the late 1970's, 
forest chip costs were equal to or below coal costs. 
Ohio's industrial energy consumption during the 
1970's shows the effect of rising prices on fuel use pat-
terns (Fig. 2). As fuel prices rose, conservation and the 
effects of stricter air pollution standards caused total 
energy consumption to fall. Despite the increasing 
price advantage of coal relative to natural gas as shown 
in Figure I, coal consumption declined over the period 
(Fig. 2). Ohio's Department of Energy suggests that one 
reason for natural gas or fuel oil users not switching to 
coal is the uncertainty concerning future levels of land 
and air pollution standards (26). 
Stricter land and air pollution standards are under 
consideration due to the two social costs associated with 
coal use -land destruction from surface mining and 
air pollution. These costs are receiving increased state 
and federal attention and are slowly increasing market 
prices through stricter pollution regulations. Forster 
~8) estimated that the costs of reclaiming surface mined 
'The authors are Visiting Scholar, East-West Resource Systems 
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State Un1vers1ty, respectively 
1 
300 
2 75 
250 
2 25 
200 
1 75 
1 50 
1 2o 
100 
I 
I 
I 
I 
.,/Ft;,l '-J' 
/ 
___ . ..J 
/ 
/~atural Gil"i 
;---..--
/ 
/ Coal 
0 75 ~------><~== ...... -c:.:':.:'_·;.-::-· ..--,...._-_·-_-"_;;:_, 
----/ ,.,---- ~0~~:~ 
0 50 
0 25 
__ .............. ""' 
,' 
Wood 
Wastes 
FIG. 1.-Delivered, real fuel prices for industrial 
users in Ohio (Index: 1970 = 100). 
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FIG. 2.-lndustrial energy consumption in Ohio 
for 1973-1980. 
Source: {26, Appendix 8, Table 8.1). 
land in Ohio could add $1.03 to $3.64 per short ton to 
the total costs of coal production. As 71% of the total 
coal currently used in Ohio is from surface mines, this 
social cost may be important to coal energy users as well 
as coal producers (26). 
Coal users may also be affected by stricter air quality 
standards. In the past, Ohio's coal users have faced 
pollution standards which could be met through mix-
ing low sulfur imported coals with Ohio's high sulfur 
coal. In many cases, boilers were small enough and/or 
located in nonmetropolitan areas where mixing was 
unnecessary. Although coal is still the major industrial 
energy source in Ohio, a shift in the type of coal burned 
has occurred over time, reflecting tighter air pollution 
standards. Low sulfur, imported coal rose as a percen-
tage of total coal use from 47% in 1970 to 55.7% by 1981, 
with imports coming primarily from the Eastern U.S. 
(27). 
These trends are expected to continue given recent 
state regulations calling for the use of the "best availa-
ble control technology" (BACT) on all new boilers and 
proposed federal regulations calling for a reduction in 
the permissible particulate and sulfur emissions to 50 to 
30%, respectively, of current standards for new boilers 
producing more than 100,000 lb per hour of steam. As 
stricter regulations force air pollution compliance costs 
into the market, more relative price changes will occur 
between Ohio's high sulfur, cleaned (washed), imported 
low sulfur coal, and biomass feedstocks. 
WOOD ENERGY POTENTIAL 
Given the relative fuel prices, potentially stricter pol-
lution standards, and wood's low sulfur content, wood 
feedstocks could provide private as well as social gains 
to Ohio's energy users and society. Wood for energy 
may come from three basic sources: wood manufactur-
ing residues, Ohio's forest lands, and intensively man-
aged wood energy farms. Using 1978 data, a study by 
Battelle estimated that Ohio's total residues (e.g., saw-
mill, logging, and unused low-quality wood) would 
produce 8.34 trillion BTU's annually if fuel prices were 
high enough to bid all wastes away from current users 
(12). Given thatloggingand low-quality wood residues 
are difficult to collect, sawmill residues are the best 
short-term sources. However, unused sawmill residues, 
residues not already used for energy or other markets, 
are equivalent to only 1.6 trillion BTU's. 
The most economical energy feedstock would be low-
quality wood from Ohio's forest lands- the small 
diameter, poor quality wood not used by the sawtimber 
industry (23). Currently, this wood is used by Ohio's 
pulpwood industry as wood chips. Annual use in 
energy equivalents, 4.9 trillion BTU's, is far below 
annual potential, 159.4 trillion BTU's (10). A third 
future source of wood energy could come from energy 
plantations. Few commercial plantations currently 
exist in the North Central region. Packaging Corpora-
tion of America (in Michigan) has the largest planta-
tions in the region with hybrid poplars, and Stone 
Paperboard in Coshocton, Ohio, has small, test plots of 
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TABLE 1.-A Comparison of Ohio's 1981 Indus-
trial Energy Consumption and Ohio's Biomass 
Energy Potential (1012 x BTU's per Annum). 
Use/Potential 
Energy Use• 
Coalt 
Natural Gas 
Electric* 
Distillate/Residual 
Other Petroleum** 
Total Consumption 
Biomass Energy Potentialtt 
Sustainable Wood 
Municipal Solid Waste 
Usable Crop Residues 
Livestock Wastes 
Total Biomass 
·source: Tables 3 and 5 (27). 
Amount 
613.3 
312.5 
7.3 
47.1 
183.1 
1,163.3 
159.4 
69.0 
64.3 
1.4 
294.1 
tThis coal figure includes the direct use of coal by industry of 437.5 
trillion BTU's plus its use in electric generation of 175.8 trillion BTU's. 
The latter is obtained by taking the percentage of electric generation 
which coal supplies, 96% in 1981, and multiplying this by the electricity 
use, 183.1 trillion BTU's (27). 
:j:~id double counting, electric generation figure has netted 
out the amount coming from coal. 
**Other petroleum includes diesel fuel, gasoline, LPG, petroleum 
coking, and petrochemical feedstocks. 
ttSource: (14). 
hybrid poplars. Wood chips thus represent the largest 
near term supply of wood energy in Ohio. 
Two facts potential energy users want to know are: 
l) a realistic estimate of potential wood supply, and 
2) a comparison of this wood potential to alternative 
biomass feedstocks. Hitzhusen et al. (14) compiled a 
county-by-county biomass energy inventory to deter-
mine Ohio's biomass potential. As seen in Table I, the 
sustainable wood energy potential, net of current 
pulpwood and sawtimber use2 is 159.4 trillion BTU's 
per year or 57% of the total biomass potential. Similar 
to crops (28), crop residues ( l ), and solid wastes (32), 
wood has a regional advantage in Ohio's southeastern 
forested region. 
In comparing wood energy potential to Ohio's 
industrial energy demand (Table 1 ), the total potential 
is 26% of the annual energy supplied by coal and 51% of 
the energy supplied by natural gas, although the wood 
supply exceeds the annual distillate/residual oil use. 
This table suggests that the present sustainable wood 
supply could not substitute fully for all of Ohio's cur-
rent industrial energy demands, but it could be used, if 
economically feasible, as a partial substitute for coal to 
reduce pollution control costs or to displace natural gas 
or fuel oil. 
21n 1 978, pulpwood harvest removed about 20 million cubic teet of 
wood, approximately 22% of Ohio's total timber harvest. Other users of 
low-quality wood are the chipped board, steel industries, and pallet 
manufacturers. However, their combined use is less than 4% of Ohio's 
timber harvest. Pulpwood demand rose from only 4% of Ohio's timber 
harvest in 1951 to 28% in 1968 and has stabilized since then at 
approximately 25% or one-fourth of the total harvest in 1978 (23). 
Previous research on wood boiler costs in Ohio was 
made by Cathcart (5 ). She studied the economic poten-
tial of using woodchips in industrial boilers or gasifi-
ers. ODOE (25) has also evaluated the feasibility of 
producing ethanol from wood in southern Ohio. Cath-
cart's results suggest that woodchips may have a signif-
icant cost advantage to industrial users over natural gas 
and fuel oil, but be more expensive than coal. The 
study, however, had important limitations, including 
limited boiler cost data and a failure to include the 
social costs associated with wood or coal pollution. 
This study goes beyond previous work by examining 
the life-cycle as well as particular social costs of wood 
and fossil fuel energy use. 
OBJECTIVES 
The overall objective of this research is to compare 
wood, natural gas, and coal as boiler fuels under alter-
native land and air pollution standards. Two types of 
analyses are made in the study, financial and economic. 
The financial analysis uses private market valuations of 
the discounted costs for wood, natural gas, and coal-
fired boilers under minimal land and air polution 
standards. The economic analysis internalizes com-
pliance costs of stricter air pollution control and surface 
mining reclamation into the discounted cash flows for 
boilers through use of an integer linear programming 
or constrained optimization model. The specific objec-
tives of this research are to: 
Estimate the discounted cash flows of wood, natural 
gas, and coal for three boiler sizes- small, medium, 
and large-assuming minimal land imd air pollu-
tion standards, and to compare these discounted cash 
flows through the use of the net present value and 
benefit-cost ratios. 
Use an optimization model of discounted cash flows 
for wood, coal, and wood-coal boilers to internalize 
air and land pollution costs for a range of air pollu-
tion emission levels. 
Conduct sensitivity analyses of fuel price growth 
and discount rates on the discounted cash flows and 
make a generalization of the study's implications for 
Ohio's energy future. 
GENERAL METHODOLOGY 
Units of Analysis 
To conduct the analysis, three case studies of boilers 
operating in southeastern Ohio are developed. South-
eastern Ohio was chosen since it is the major wood 
producing region in the state. A boiler survey was con-
ducted to provide information on average fuel use, daily 
swing loads, and fuel storage capabilities. Out of 42 
surveys, 25 were returned and provided a diversified 
sample of Ohio's industries from which to draw case 
studies. The three case studies used in this research 
represent small (2.75 MMBTU/hr), medium (41.1 
MMBTU/hr), and large (71.1 MMBTU/hr) boilers. 
These three represent a small private firm, a medium 
size private industrial plant, and a medium to large size 
public institution. Annual boiler demand is assumed to 
3 
be 90, 80, and 80% of capacity for the small, medium, 
and large boilers, respectively. 
The Conceptual Model 
To conduct the financial and economic analyses of 
wood, natural gas, and coal-fired boilers, two quantita-
tive methods are used. First, an unconstrained dis-
counted cash flow analysis is used in the financial anal-
ysis to compare life-cycle boiler costs assuming mini-
mal pollution control. Second, a constrained optimiza-
tion model of coal and wood-fired boilers' discounted 
cash flows is used in the economic analysis to internal-
ize particular social costs into fuel prices. The use of 
discounted cash flow life-cycle costs allows sensitivity 
analyses to be made regarding future fuel prices, there-
by capturing a critical variable of uncertainty in the 
analysis. 
The distinction between financial and economic 
analysis comes from project analysis literature (7, 9, 15, 
17, 18, 21, 29). Financial analyses refer to studies of the 
returns to equity capital for a private investor. In con-
trast, economic analyses include at a minimum the 
internalization of some currently uncompensated values 
society bears or gains from the investment (7, 21, 29). 
The distinction between private and social costs may 
change over time. For instance, in this study's financial 
analysis, two costs are internalized which have been 
viewed as social costs. These are annual sustainable 
forest yields and minimal air pollution compliance 
costs. Annual sustainable yields are assumed to be 
maintained through higher transport costs by forest 
chip users since an industry or institution should not 
deplete its forest resource base near the installation. 
Annual sustainable yields mean that yearly harvests do 
not exceed the annual forest growth or replenishment 
rates. In the financial analysis, air pollution com-
pliance costs only meet currently mandated standards. 
The economic analysis internalizes sustainable yields 
for forest chip use, but also internalizes the costs of coal 
surface mining reclamation and a range of stricter air 
quality standards. The latter are internalized through 
use of an optimization model. 
Before describing the calculations of costs in the pri-
vate and social analyses, an overview of boiler types and 
costs as examined in this study is shown in Table 2. 
Generally, any total cost stream for a boiler consists of 
fuel acquisition costs plus boiler operating/mainten-
ance and capital costs. Three types of boiler fuels can be 
used-wood, natural gas, and coal.3 Three forms of 
wood are analyzed in the study-wood wastes, wood 
chips harvested from Ohio's forests (forest chips), and 
wood chips obtained from wood plantations (planta-
tion chips). Wood feedstocks are burned in either com-
bustion boilers or wood gasifiers. Only small and 
medium gasifier cases are developed due to current size 
constraints of gasifiers. Direct combustion boilers are 
3 Fuel oil is not considered in this study based upon its small 
industrial use (3%) in Ohio (26), the fact that many industries which 
use it do so out of a particular processing necessity, and that Cathcart 
has already shown fuel oil to be substantially more expensive than 
wood, natural gas, or coal (5). 
TABLE 2.-Combination of Fuels, Costs, Energy Conversion Technologies, 
and Boiler Sizes Used in Study. 
Fuel 
Wood Wastes 
Forest Ch1ps 
Plantation Ch1ps 
Natural Gas 
Coal 
Financial 
Analysis 
Demand. transport 
Boiler operat1ng 
Bo1ler cap1tal 
Stumpage, harvest, 
transport 
Boiler operating 
Boiler cap1tal 
Costs 
Site preparation, planting, 
harvest, transport 
Boiler operating 
Boiler capital 
Acquisition 
Boiler operating 
Boiler capital 
Acquisition 
Boiler operating 
Boiler capital 
*Plus all costs in Financial Analysis column. 
used for all coal systems and gasifiers are used for the 
natural gas cases. 
Cost Estimation 
Discounted cash flow or life-cycle cost analysis in-
volves summing over a project or investment life the 
total expected costs and benefits incurred by the project. 
These cost and benefit streams are then discounted back 
to the present and compared. The use of life-cycle costs 
allows sensitivity analyses to be conducted on key costs 
or benefits, the expected values of which may vary 
widely over time. Sensitivity analysis is particularly 
important to fuel price estimation since past experience 
suggests that projected prices may differ substantially 
from actual prices. 
The general equation used in the discounted cash 
flow analysis is that the present value of net fuel savings 
(P.V.F.S.) equals the present value of costs of displaced 
fossil fuel minus the present value of wood energy costs. 
The P.V.F.S. thus compares the discounted costs of 
the displaced fuels currently being use by industries and 
institutions (natural gas or coal) to the discounted costs 
of using wood. The general equation is: 
20 c 20 c 
P.V.F.S. == I __ it_- I __ w_t_ 
t=O (1 +r)1 t=O (1 +r)1 
where: 
P.V.F.S. is the present value of fuel savings 
j is total costs for fuel j 
j is either natural gas or coal 
w is wood 
t is year t where the project life is 20 years 
r is discount rate for year t. 
Energy 
Economic 
Analysis* 
Conversion 
Technologies 
Boiler 
Sizes 
A1r pollution Wood combustion Small 
Medium 
Large 
Wood gasification Small 
Medium 
Sustainable yield 
Air pollution 
Wood combustion Small 
Medium 
Large 
Wood gasification Small 
Medium 
Air pollution Wood combustion Small 
Medium 
Large 
Wood gasification Small 
Medium 
None Gasification Small 
Medium 
Reclamation 
Air pollution 
Combustion Small 
Medium 
4 
Large 
The selection of 20 years as the time horizon is the 
average boiler life expectancy. Discount rates used in 
the study are based upon expected rates, with a sensitiv-
ity analysis of low, most likely, and high rates being 
used for fuel prices. The boiler cost streams (Ci's and 
Cw'S) include fuel acquisition costs (ACj,w) and energy 
conversion costs (ECi,w). For any time period (t), con-
version costs are: 
ECit = ACit + OMit + DSit 
ECwt = ACwt + OMwt + DSwt 
Since three forms of wood are analyzed (wood wastes 
(WW), forest chips (FW), and energy plantation chips 
(PW), their acquisition costs are discussed separately 
later. To compare the fuel cost streams, Ci's to Cw 's, two 
decision criteria are used-the net present value 
(P.V.F.S.) and the benefit-cost ratio. The benefit-cost 
ratio is defined as the ratio of discounted fossil fuel costs 
(natural gas or coal) to discounted wood costs: 
20 cj 
B/C =I--
t=O (1 +r/ 
Wood Acquisition Costs 
The three sources of wood energy differ by their 
acquisition costs. Wood wastes as defined in this study 
are the waste material from wood manufacturing firms. 
Nevel and Redett (23) estimated that 26% of wood waste 
materials in Ohio was being used as fuel in 1978. Theo-
retically, the costs of wood wastes should equal the costs 
of transportation (TCww) if the buyer does not pick it 
up, plus a demand premium (DPww). The demand 
premium is the opportunity cost of the next best use for 
the wastes. At present, the costs for wood wastes vary 
substantially in the state depending upon regional 
demand. The present value ( PV) of acquisition costs for 
wood wastes (ACww) can be expressed: 
20 
P. V. ACww =I 
t=O 
(DPww + TCww)t 
(1 +r)1 
A Battelle study on wood waste material in Ohio (12) 
found approximately 1.6 trillion BTU's of unused 
material. This represents only l% of the estimated sus-
tainable wood supply from the forest estimated by 
Hitzhusen et al. ( 14). The limited supply and lower 
average costs for wood wastes than forest wood chips 
suggest that wood wastes wil be used first before forest 
wood chips but will not be able to meet any significant 
demand. 
I 
At present, wood chips obtained through harvesting 
Ohio's forests constitute the largest potential biomass 
and wood energy supply ( 14). Acquisition costs for such 
chips include a payment to Ohio forest land owners for 
their wood or what is referred to as stumpage costs 
(SFw), the costs of harvesting the wood by loggers (HFw), 
and transport costs for bringing the wood to the energy 
conversion site (TCFw ). The present value of forest chips 
acquisition costs (P.V.ACFw) is: 
20 
P. V. ACFw =I 
t=O 
(SFw + HFw + TCFw)t 
( 1 + r)1 
Stumpage costs (SFw) represent the value of wood in 
the forest. Theoretically, such prices should include the 
costs borne by a landowner during a tree's growth as 
well as any economic rent accruing from the land and 
wood in terms of future scarcity values. To incorporate 
the value of sustainability into forest chips' total costs, 
sustainable yields are accounted for in transportation 
costs (TCFw) rather than stumpage prices. Stumpage 
values are taken from timber industry figures adjusted 
for inflation. Harvest or logging costs (HCFw) used in 
this research are averages of a 1980 production cost 
study by Haggard and budgets developed for new log-
ging systems. In Haggard's study of loggers operating 
in southeastern Ohio ( 11 ), the underutilization of 
equipment and use of older depreciated equipment 
understated future average costs. To compensate for 
this bias in Haggard's costs, harvesting budgets are also 
developed in this study based on new equipment with 
higher production capabilities (10). Harvest costs in-
clude operating/maintenance, labor, debt service on 
capital, salaries, taxes, and other payments. 
As mentioned above, some internalization of future 
scarcity values (user costs) for overexploitation of the 
forests need to be internalized into total forest chip costs 
(16). The maintenance of average annual sustainable 
yields for Ohio forests is incorporated into transport 
costs to insure that some scarcity values are approxi-
mated. Transport costs are calculated by finding the 
radius of an area which can provide the case boiler with 
sustainable annual wood supply. The following for-
5 
mula is used to calculate the sustainable area (As) which 
supplies a given boiler demand (Xs): 
Xs = As DYs H 
where Xs is the annual sustainable production of wood 
in green tons per year, As is the area in square miles, Dis 
the average forest cover density for the area, Y s is the 
average sustainable yield for the area, and H represents a 
forest landowner's annual willingness to harvest chips 
as a percentage of total commercial wood. Maximum 
sustainable yields are internalized into Y s by dividing 
the average annual chip production per square mile by 
the average cutting cycle of the dominant pulpwood 
species. 
By incorporating sustainable yields, forest cover den-
sity, and landowner attitudes towards harvesting timber 
into transport distance, a more reliable estimate is 
made. Actual transport distances are calculated in the 
study by drawing a series of 3-mile radii concentric 
circles around installation sites, then adding up the 
number of rings needed to travel in order to meet 
annual chip demand (Xs) for the boiler installation. 
Within each ring, D and Hare varied to reflect changing 
forest cover densities and willingness to harvest as one 
travels out from an urban center. The sustainable 
radius (Rs) is then put into the following equation for 
total transport costs (TCFw): 
TCFwt = (FCt = 3/4 vt Rst Gt) Xst 
where FC are the fixed costs per green ton per mile, V are 
the variable costs per green ton per mile, and C is the 
road grid factor adjusting straightline distances by 
actual transport miles. 
A third future source of wood chips may be inten-
sively managed wood plantations. Hybrid poplar or 
hardwood energy plantations in the North Central 
region are in the developmental stage, with emphasis 
still on finding disease resistant, high yielding species. 
Plantation costs include site preparation and mainte-
nance (SPpw), stocking (ST Pw), land (LPw), harvest 
(HCPw), and transport (TCPw) costs. The present value 
of plantation wood chip acquisition costs is: 
P.V.ACPw = 2~ (SPPw + ST Pw + Lpw + HCPw + TCPw)1 
t=O (1 +r)1 
Cost data are obtained from a recent study at Kansas 
State University (22), the Packaging Corporation of 
America in Michigan, and Stone Paperboard of Co-
shocton, Ohio. These data are average annual costs 
based on 2-4 year rotations of hybrid poplars. 
Optimization Model 
Legislation of sulfur and particulate emission limits 
for boilers has resulted in forcing the private market to 
incur compliance costs to meet these standards. Coal-
burning institutions or industries comply by either 
blending coals and/or installing pollution abatement 
equipment. Until recently, blending low and high sul-
fur coal was often sufficient to meet poll uti on standards 
for small or medium-sized boilers (1). However, the 
stricter air pollution laws recently proposed will neces-
sitate the use of pollution abatement equipment on 
medium as well as large scale boilers. 
To incorporate the shadow values of compliance 
with stricter air pollution standards, a constrained 
optimization model based on discounted costs is devel-
oped.4 The objective is to minimize costs subject to 
meeting: 1) a minimum production of heat, 2) a maxi-
mum sulfur emission, and 3) a maximum particulate 
emission. Costs included are: l) annualized fixed costs 
of boilers and pollution abatement equipment, 2) fuel 
costs, and 3) variable costs of particulate removal. A 
mixed integer [0, l] linear programming model is 
developed to internalize these costs. The integer vari-
able model is used to incorporate the fixed cost compo-
nent and select one type of boiler and pollution abate-
ment equipment. 
Important variables in the model are boiler size, fuel 
type, fuel prices and price growth (determined exoge-
nously), pollution abatement equipment, and length of 
planning horizon. Two cases are analyzed-a medium 
(40 MMBTU/hr) and a large (70 MMBTU/hr) boiler 
located in southeastern Ohio. Two basic forms of fuel 
can be used, wood or coal. The wood (W) is either wood 
wastes or wood chips. Three types of coal are available: 
high-sulfur coal (OC), low-sulfur imported Eastern 
coal (IC), and cleaned coal (CC). 
Because current coal prices are below historic price 
trends, two sets of prices-current (1982) and historic-
are used. Historic prices are the projection of average 
Ohio and eastern Kentucky price patterns since 1978 
into 1982 dollars. Three fuel price growth scenarios are 
used to understand possible future fuel and pollution 
abatement equipment mixes. Low, most-likely, and 
high scenarios, discounted to 1982 dollars, are devel-
oped for 1987, 1990, and 1992. The fuel costs used in the 
model include the average acquisition price plus vari-
able storage and handling costs. Fuel costs are measured 
as dollars per MMBTU input energy. 
Four types of pollution control equipment are avail-
able: l) multicyclone collectors (MC), 2) baghouse fil-
ters (BH), 3) wet scrubbers (WS), and 4) electrostatic 
precipitators (ESP). Three boiler designs are considered 
for each boiler size: 1) pure wood-fired (W), 2) pure 
coal-fired (C), and 3) combination of wood and coal 
(WC). The annual fixed cost for a boiler is included in 
the objective function. 
I 
The constraints of the mo~el are: 
Equation 
(1) 
(2)-(4) • 
Function 
Minimum annual heat or demand, ex-
pressed in MMBTU of output. 
I 
Air pollution standards. Maximum 
amount of sulfur and particulate, re-
spectively, emissions allowed. 
4The model is developed in Gowen (1 0). The study compares the 
economics of wood, natural gas, and coal-fired boilers in Ohio. 
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(5)- (9) Particulate cannot be treated unless 
that piece of pollution abatement 
equipment is used. 
(1 0)-(15) Fuel for use in a specified type of 
boiler cannot be used unless that 
boiler is used, and vice versa. 
(16) Wood alone cannot be used in the 
wood-coal boiler. 
(17)-(19) Only one type of boiler and of pollu-
tion abatement equipment is to be se-
lected. 
The variables are: 
Z1 = An integer [0, 1] variable representing type of 
pollution abatement equipment. 
i = [MC,BH,WS,ESP,O], with 0 representing 
no equipment. 
Bh,Rh =Two sets of integer [0, 1] variables repre-
senting type of boiler. h = [W,C,WC]. 
F~ = Amount of fuel of type j used in boiler type h. 
j = [W,OC,CC,IC]. Note that not every h 
combines with every j. No wood is used in a 
coal only boiler. There are eight variables in 
this set. 
V1 = Amount of particulate treated by pollution 
abatement type i. 
The programming model for any period t is: 
Minimize: 
Cost = I c1Z1 + I ch Bh + I ei I F~ + I cAV1 
i h j h i 
subject to: 
:I a~HFih ~H (1) j,h 
:I a~.F/-! a1• V1 j,h i ~s (2) 
~ a;pv, ~p (3) 
I 
h h 
:Ia 1pF1 -! Vj j,h i ~0 (4) 
Vj -AnZ; ~0 (5)-(9) 
for all i 
F: -A Bw 2 ~0 (1 0) 
Foe 
c 
+Fcc 
c c 
-A 8° ~0 (11) + F,c 3 
Foe 
we 
+Fcc 
we F we F we _A B we ~0 (12) + IC + W 4 
F: -Rw ~0 (13) 
Foe 
c c c 
+Fcc + F,c -Rc ~0 (14) 
Foe 
we 
+Fcc 
we +F we F we 
IC + W 
-Rwc ~0 (15) 
F we 
w ::::; 0.9H (16) pollution emissions is developed. The standards are decreased from 100% of current levels to 75, 50, 40, 35, 
and 30% for sulfur and to 75 and 50% for particulates. 
where: 
I Z1 ::::;1 (17) 
I 
I Bh = 1 (18) 
h 
I Rh ::::;1 (19) 
h 
~c 1Z 1 = total annual fixed cost of pollution abate-
1 ment equipment. 
'!c h Bh = total annual fixed cost of boilers. 
7ei '!F~ = total annual variable cost of fuels. 
7d1 V1 = total annual variable cost of pollution 
abatement. 
RESULTS OF ANALYSIS 
Fuel and Energy Conversion Costs 
Before com paring wood, natural gas, and coal energy 
con\·ersion costs, individual cost streams had to be cal-
culated. As noted earlier, previous research (5) had 
relied on boiler cost data based on crop residue burning 
capabilities. An important contribution of this study is 
to present more complete fuel and wood boiler cost 
data. 
A comparison of fuel acquisition costs by input and 
output heat content is made in Table 3. All costs repre-
sent delivered costs, including transportation, to the 
boiler installations. Two coal price levels are developed 
since current prices fall below pre-recession (1982) 
trends by about $10 per short ton (Appendix B, Table 
B-II). The pre-recession coal prices refer to projected 
1982 prices based on 1978-1981 coal price patterns (10). 
The strictest federal guidelines proposed for 1985 
would limit sulfur emissions to 30% of current stand-
ards, now at 4.0 lb per MMBTU input, and particulate 
emissions to 50% of current levels, with current stand-
ards at 0.20 lb per MMBTU input for boilers over 
100,000 MMBTU/hour. Because there is a question of 
actual levels to be enacted and enforced, a range of 
As seen in Table 3, wood wastes ($0.97 -1.94/MMBTU 
output) are the cheapest fuels per energy output, fol-
lowed by coal ($1.70-2.69/MMBTU output), forest 
chips ($3.27-4.17/MMBTU output), natural gas ($5.00-
5.20/MMBTU output), and finally energy plantation 
chips ($5.38-7.20/MMBTU output). These acquisition 
price relationships are extremely important to the eco-
TABLE 3.-Fuel Acquisition Costs per Unit of Energy Received and Deli-
vered. 
Cost per BTU Cost per BTU 
Current Received* Deliveredt 
Fuel Unit Price ($/MMBTU Input) ($/MMBTU Output) 
Wood 
Wastes $6-12/gt 0.64-1.28 0.97-1.94 
Forest Chips 
Small $18.33/gt 2.16 3.27 
Medium $21.21 /gt 2.49 3.78 
Large $23.37 /gt 2.75 4.17 
Plantation Chips $67.40-90.13/ gt 3.55-4.75 5.38-7.20 
Coal:j: 
Ohio High Sulfur 
Current $31.00/st 1.38 1.72 
Pre-recession $42.12/st 1.88 2.35 
Washed Ohio 
Current $34.20/st 1.36 1.70 
Pre-recession $45.22/st 1.80 2.25 
Low Sulfur Eastern 
Current $43.47 /st 1.80 2.24 
Pre-recession $52.04/st 2.15 2.69 
Natural Gas** 3.90-4.10 5.00-5.20 
Sources: Tables 3 and 7; gt =green ton, st =short ton. 
• Average heat contents of Ohio high sulfur, cleaned, and Eastern low sulfur coals are 22.4, 25.1, and 
24.2 MMBTU/short ton (27). BTU received is the fuel's input energy content before conversion. 
tWood boiler efficiency is 66%: thus received or input heat must be adjusted by 0.66; coal efficiency is 
0.80 and natural gas is 0.78. BTU delivered is the output or actual usable energy produced by a 
conversion system after accounting for conversion inefficiencies. 
:FCoal prices are obtained from ODOE, coal companies, and case study users(Appendix B, Table B-11). 
**Natural gas prices used in the table are actual 1982 case study prices. 
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TABLE 4.-Annual Capital, Operations/Maintenance, Labor, and Fuel 
Costs for Wood, Natural Gas, and Coal-Fired Boilers by Boiler Sizes. 
Boiler Size and Wood Wood Natural 
Annual Costs Combustion Gasification Gas Coal 
$1000/year 
Small (2.75 MMBTU/hr.) 
Cap1tal' 50 28 24 58 
OM 20 6 10 20 
Labor 40 5 20 40 
Fuelt 72 (435) 72 (43.5) 99 33 (48) 
Medium (40.1 MMBTU/hr.) 
Capital' 320 208 218 420 
OM 200 50 150 150 
Labor 200 160 100 200 
Fuelt 1,068 (778) 827 (603) 1,554 517 (693) 
Large (71.1 MMBTU/hr.) 
Capital' 584 729 
OM 375 375 
Labor 200 200 
Fuelt 1,879 (980) 871 (1,168) 
*Annual capital represents equal annual payments on debt service assuming 15% interest on 
equipment (equipment mix and costs are found in Appendix Table B-Ill). 
tWood costs in parentheses are for wood wastes: for coal, the costs in parentheses indicate costs if 
pre-recession price trends had been maintained in 1982. 
TABLE 5.-Declslon Criteria for Financial Analyses of Wood vs. Natural Gas or Coal Boilers by Sizes Using 
Most Likely Fuel Price Projections*. 
Wood Fuel, Decision Criteria, Natural Gas Coal (Current)t Coal (Pre-recession)* 
and Conversion Processes Small Medium Small Medium Large Small Medium Large 
Forest Chips 
Direct Combustion 
NPV ($1 ,000) 3,409 45,135 -481 -11,699 -25,646 -119 -4,777 -17,166 
B/C 2.32 2.39 0.81 0.64 0.57 0.95 0.77 0.71 
Gasification 
NPV ($1 ,000) 4,138 52,560 247 -4,275 N.A. 609 -23 N.A. 
B/C 3.23 3.10 1.13 0.83 N.A. 1.33 0.99 N.A. 
Wood Wastes 
Direct Combustion 
NPV ($1 ,000) 4,205 59,922 314 3,088 5.479 677 7,339 19,318 
B/C 3.35 4.39 1.17 1.18 1.20 1.38 1.42 1.54 
Gasification 
NPV ($1,000) 4,934 63,497 1,043 6,662 N.A. 1,405 10,913 N.A. 
B/C 5.65 5.50 1.98 1.47 N.A. 2.33 1.77 N.A. 
*Assumes a 13% discount rate, 8 and 1 0% annual inflation rates for years 1-9 and 1 0-20, respectively, and most likely fuel price growth 
projections for wood, natural gas, and coal. Most likely real pric~ growth projections for wood are 0 and 2% per year for years 1-4 and 
5-20, respectively; 12, 16, and 12% per year for years 1-4, 5-9, and 10-20, respectively, for natural gas: and 5 and 7% per year for years 1-4 
and 5-20 for coal. 
tCurrent coal prices assumes $1.38/MMBTU input in the base year. 
:j:Pre-recession coal prices assume $1.81 /MMBTIJ input in the base year. 
N.A. means analysis was not made due to technological constraints. 
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nomic feasibility of the particular fuel. For instance, the 
lowest forest chip price is more than one and one-half 
times the cheapest coal price per energy output. This 
suggests that there need to be: 1) substantial savings in 
boiler operating and/or capital costs, 2) high social 
benefits from using wood as a sulfur reducing fuel with 
coal, and/or 3) future cost reducing technology in chip 
harvesting for forest chips to compete >vith coal. 
First-year average boiler costs (Table 4) indicate that 
there are no substantial cost differences between wood 
and coal fired boilers. Significant boiler cost differences 
appear between wood combustion vs. wood gasifica-
tion systems, with the latter being cheaper. Like wood 
gasification, natural gas boiler costs are almost half 
those of coal or wood combustion systems, but natural 
gas fuel costs are the highest among the three feed-
stocks. Because expected fuel prices are critical to the 
long-run feasibility of a fuel, three fuel price growth 
scenarios (low, most likely, and high) are developed 
based on studies by the U.S. Dept. of Energy, Chase 
Econometrics, DRI, and Ohio DOE (Appendix A). An 
annual inflation rate of 8% for years 1-10 and 10% for 
years 10-20 is used with a set of four discount rates -10, 
13, 15, and 25%. The results reported in the following 
section are based upon 13% discount rates, giving 
approximately a 5% real annual rate of inflation. 
Financial Analysis of Boilers 
The private cost analysis compares wood combustion 
and gasification to natural gas or coal's discounted 
costs assuming only minimal pollution control and the 
maintenance of sustainable yields for forest chips. Min-
imal pollution equipment means no equipment for the 
small boiler, a multicyclone collector for the medium 
wood combustion and coal boiler, and a series of 
cyclone collectors for the large wood and coal combus-
tion boilers. 
The results of the financial or private market analyses 
are shown in Table 5. The net present value (NPV) and 
benefit cost ratios (B/C) are used as economic decision 
criteria when either forest chips or wood wastes are used 
as boiler fuels. The net present value determines fuel 
cost savings from using wood (fossil fuel cost minus 
wood fuel costs) and the benefit-cost ratio compares 
fossil fuel costs (numerator) to wood fuel costs (denom-
inator). 
Wood's strong comparative advantage over· natural 
gas can be seen in the first two columns of Table 5.5 All 
net present value decision criteria for both wood wastes 
and forest chips are quite positive for both direct com-
bustion and gasification. The benefit-cost ratios (B/C) 
range from 2.32 to 5.65 for wood combustion or gasifi-
cation vs. natural gas boilers. The internal rates of 
return (IRR) for all wood vs. natural gas systems (not 
reported in the table) are more than 200% due to con-
stant positive net cash flows throughout the project life. 
Besides the advantage of wood over natural gas, 
another pattern in Table 5 is the advantage of wood 
5The financial analyses used COMPRAN, a computerized project 
analysis program, developed by McCullough and Hitzhusen (19). 
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gasification over wood combustion. For all boiler sizes 
and wood wastes or forest chips, the NPV's and BiC 
ratios are higher for wood gasification than wood com-
bustion systems. These results suggest that wood gasifi-
cation, if technological improvements occur in its 
operations, could be the less expensive wood technol-
ogy. A further pattern seen in Table 5 is the financial 
attractiveness of wood wastes over forest chips. 
Whereas wood is quite competitive with natural gas, 
the criteria in Table 5 give more mixed results for the 
economics of wood wastes or forest chips over coal. 
Wood wastes are definitely more attractive than coal. In 
general, however, the criteria do not favor forest chip 
use over coal assuming either current or pre-recession 
coal prices. 
As seen by B1 C ratios under one and negative NPV's, 
direct combustion of forest chips is uneconomical 
compared to coal combustion for all boiler sizes at a 13% 
discount rate, even when pre-recession coal prices are 
assumed. In the small boiler, forest chips might be 
marginally competitive with coal only if pre-recession 
coal prices are exceeded. Since the net present value is a 
negative $119,000 and the benefit cost ratio is 0.95 
assuming higher coal prices, forest chips are currently 
uneconomical compared to coal. Even when the dis-
count rate is raised to 15 or 25% in the most likely fuel 
price growth scenario, wood combustion of forest chips 
vs. coal show negative net present values and B/C ratios 
less than one. At high fuel price growth rates and a low 
discount rate (10%), coal is still more attractive than 
forest chips for the small boiler case study. 
The results for the medium and large boilers also 
imply that forest chip combustion is not financially 
competitive with coal boilers at current or pre-recession 
coal prices using 13% discount rates (Table 5). Even 
when sensitivity analyses of: I) fuel price growth (low 
and high), 2) coal prices (current or pre-recession), and 
3) discount rates (10, 15 and 25%) are made, forest chips 
burned in the medium or large wood combustion boiler 
never become a financially attractive alternative to coal 
assuming minimal pollution control equipment. 
Whereas the feasibility of wood combustion over coal 
gave mixed results depending upon the wood fuel used, 
wood gasification is more consistently competitive 
with coal. Small scale wood gasification is financially 
quite attractive with wood wastes, but also competitive 
with coal if forest chips are burned. In the medium 
boiler, wood wastes are also competitive with coal. 
However, forest chips burned in the medium-scale 
wood gasifier show negative NPV's and B/C's below 
one (Table 5). The financial feasibility of the medium 
size gasifier becomes almost feasible, $-23,000 (NPV) 
and B/C = 0.99, when higher or pre-recession coal prices 
are used. In the sensitivity analysis, use of a 15% dis-
count rate with pre-recession coal prices gave a positive 
NPV and B/C ratio of 1.03. These results suggest that 
wood gasification of forest chips may be competitive 
with coal if higher coal prices return. 
Break-even Price Analyses 
Another method of comparing the economics of 
wood to fossil fuels is to determine the wood fuel price, 
which just makes the discounted cost streams of wood 
conversion equal to fossil fuel conversion. The "break-
even" price gives the value where one is financially 
indifferent between using wood or the alternative fuel, 
assuming in this study the most likely fuel price growth 
and a 13% discount rate. This break-even wood fuel 
price then is compared to the current or going market 
price for wood. The spread between this break-even 
price for wood and current wood prices shows the mar-
gin, making wood either economically feasible or 
infeasible as compared to coal or natural gas. 
The wood break-even price "curves" are shown in 
Figures 3 and 4. These curves give the break-even price 
for wood combustion or gasification boilers vs. natural 
gas or coal boilers. In Figures 3 and 4, the range or value 
of current market wood prices for the three types of 
wood resources: wastes, forest chips, and plantation 
chips, are also drawn. As long as the current market 
price line (or area) for wood is below the wood break-
18.00 
even price curve for a specific type of wood vs. fossil fuel 
conversion, wood is financially feasible. 
As seen in Figure 3, natural gas is always more expen-
sive than wood wastes, forest, or plantation chips since 
the wood vs. natural gas break-even curves are higher 
than the current price lines (area) for all wood fuels. 
The apparent plantation chip feasibility over natural 
gas is somewhat tenuous given the limited data on 
which plantation costs are based. In general, this figure 
strengthens the results shown in Table 5 and stresses 
that replacement of natural gas by wood as a boiler fuel 
yields positive cost savings. 
Wood vs. coal, however, shows a different relation-
ship (Fig. 4). Given that the current market price for 
wood wastes is below .the discounted break-even prices 
of wood vs. coal, wood wastes are financially attractive 
when compared to coal at current or pre-recession 
prices. According to Figure 4, chips might possibly be 
economical in the small gasification system at the low-
est projected plantation chip costs. As noted above, 
these plantation costs are projected estimates, and thus 
only suggestive at best given the limited economic 
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analysis on which they are based. 
As with the decision criteria presented in the previous 
section, forest chip feasibility is more variable than 
wood wastes when compared to coal. For the small 
boiler, the wood combustion system appears competi-
tive with coal at pre-recession prices when comparing 
the current market price line of forest chips to the break-
even wood combustion vs. coal curve. Likewise, in the 
small and medium-scale boilers, the wood break-even 
price curve in Figure 4 indicates that forest chips used in 
gasifiers should be more economical than coal. These 
results contrast to the results of the financial analysis 
for the medium gasifier and small combustion boiler 
(Table 5), where coal at pre-recession prices was margin-
ally more attractive than forest chips. This discrepancy 
appears to be the difference between comparing first-
year break-even prices with discounted cash flows. 
Fuel Price and Discount Rate 
Sensitivity Analyses 
Sensitivity analyses on fuel prices and discount rates 
are also made in the study. Three series of fuel price 
projections are used-low, most likely, and high. As 
described earlier, fuel price growth rates for wood, nat-
ural gas, and coal are assumed to be interdependent, as 
-g_ 8.00 
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t-
al 
::E 6.00 
::E 
~ 
>. 
......... . ......... 
......... . ........ 
reflected in Appendix A. The low price scenario reflects 
very slow fuel oil and natural gas price rises over the 
next decade. The most likely price scenario assumes 
that gas deregulation continues at current levels along 
with gradual fuel oil price increases. High price projec-
tions are realistic only if the deregulation of natural gas 
is speeded up and fuel oil costs shoot up in the coming 
years, perhaps due to an embargo. 
The sensitivity analyses on fuel prices and discount 
rates in both types of wood conversion technologies as 
compared to natural gas boilers do not alter the finan-
cial viability of wood over natural gas. Even when low 
price scenarios and high discount rates are used, the 
NPV's and benefit-cost ratios become less favorable 
towards wood vs. natural gas than in the most likely 
price scenario, but they remain positive and greater 
than one, respectively. 
The effects of changing fuel price growth rates and 
discount rates on the financial feasibility of wood vs. 
coal are more mixed, particularly when using pre-
recession coal prices. Wood wastes always remain 
financially viable in wood combustion and gasification 
units when compared to coal, even when both wood 
prices and the discount rates are raised and coal prices 
are lowered. If forest chips are burned in any of the 
- • - Pre-recession Coal Prices 
- -Current Coal Prices 
Plantation Chip Prices 
~ 
~ 4.00 
w 
......_......._ . ...._ 
....._ __ 
............. 
.................... 
Wood Gasification vs. Coal Break-even 
Forest Chip Prices 
-0 
-·c: 
::::> 
CD 2.00 
0. 
-
II) 
0 (.) 
24 
........ •=nz I ·-·----
- -........_. ---·-·-·-
....._. _________ ~ .......... 
340 600 
Wood Combustion vs. Coal Break-even 
Wood Combustion vs. Coal Break-even 
Wood Waste Prices 
Boiler Size (109 BTU!yr) 
FIG. 4.-Wood vs. coal break-even prices as compared to wood wastes, forest chip, and plantation chip 
prices. 
11 
combustion boilers, their co~t~ are ~till not wmpetiti\·e 
with coal even when: l) pre-H·ce~sion coal prices are 
assumed, 21 a high fuel p1ice growth scenario is pw-
jected. and 3 J a low di~count rate (I 0°o) is u~ed. 
In the small gasification boiler. forest chips are still 
competitive with coal at a I O"o discount rate, as5uming 
low price growth for wood or coal and pre-recession 
coal prices. At pre-recession coal prices and a 15% dis-
count rate, the benefit-cost ratio of forest chips in the 
medium gasifier \'S. coal goes to l.m (as compared to 
0.99 in the most likely scenario assuming 13'ro discount· 
ing). The medium wood gasification unit thus becomes 
competitive with coal in either a low or high price 
growth scenario at a 15'10 discount rate if pre-recession 
coal prices are used. Except for this case, the sensitivity 
analyses tend to only further underscore the stability of 
the earlier results. 
Economic Analysis of Boilers 
Minimal land or air pollution compliance costs may 
not reflect future regulatory conditions faced by Ohio 
boiler users. In contrast to the above analysis, a range of 
stricter air quality standards and the inclusion of coal's 
reclamation costs are internalized into an optimization 
model of wood, coal, and wood/coal boilers' discounted 
e: 
X 
~ 
Qi 
::l 
I.L. 
,_ 
$ 
'(5 
CD 
75 
50 
25 
c p 
100 
100 
Fuels: 
r1/lLl Cleaned 
~Imported 
~ Forest Chips 
Coal Prices: 
C =Current 
P = Pre-recession 
CP 
75 
75 
cmts. The optimization model presents the boiler man-
ager with the choice of using wood or coal (Ohio high 
sulfur, cleaned, or imported low sulfur) and various 
pollution abatement equipment with which to meet a 
given sulfur and particulate emission level. A range of 
pollution levels is de\'eloped to determine the effects on 
optimal f~el mix and costs due to varying pollution 
standards. 
Given that only one type of wood feedstock, either 
wood wastes or forest chips, is available as a potential 
wood fuel in the model, the results can be discussed 
separately by type of wood fuel. Due to low wood waste 
costs relative to all coal costs, only wood wastes are used 
when the model compares wood wastes vs. coal. When 
6 ln this study, optimal solutions, 1.e., the optimal fuel mix, boiler 
type, pollution equipment, and total costs, are determined for vanous 
project years. Current and historic coal prices are used to see how 
such prices affect the optimal solution over time. The results reported 
in the tables assume the most likely fuel price projections (Appendix A) 
and a 13% nominal discount rate. Although low and h1gh fuel price 
growth projections were also conducted, the results' stability at the 
varying growth levels makes reporting the most likely fuel projections 
adequate. The results are for the third project year, 1985, the year 
federal standards are expected to change although models were also 
made for 1987, 1990, and 1992. The exceptions to fuel mix stability 
over t1me are mentioned where appropriate. 
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FIG. 5.-0ptimal medium boiler fuel mix as a percentage of current air pollution standards. 
12 
burning wood wastes, a baghouse filter is used for both 
the medi urn and large boilers as the optim urn poll uti on 
control equipment. Total annual costs for a wood 
waste-fueled boiler are low relative to the solutions 
where coal or wood and coal are used. The lower costs 
result from cheaper fuel and pollution control equip-
ment costs. These results stress that wood wastes are the 
most economical boiler fuel not only from a private but 
also from a social perspective. 
Unfor.tunately, the supply of wood wastes is limited, 
suggesting that a high wood energy demand will bid up 
their value until they equal, at a minimum, forest chip 
costs. Thus, analyses using forest chips as the potential 
wood boiler fuel may provide more insights into the 
real potential of any significant wood energy market in 
Ohio. 
The results of the social cost analysis for the medium 
boiler with forest chips as the wood feedstock are shown 
in Figures 5 and 6. These figures show how the optimal 
fuel mix (Fig. 5) and total annual costs (Fig. 6) change 
Q) 
given varying air pollution standards. Both tables are 
based on data in Appendix C. In Figures 5 and 6, the 
two base year coal price levels are present~d by the 
current or pre-recession lines or bars. 
Looking at Figure 5, it is evident that coal prices and 
standards have an important impact on wood fuel use 
as \Vell as optimal fuel mix. In examining fuel mix 
changes given current coal price levels, it appears that 
the shadow-priced value from wood's lower sulfur con-
tent is insufficient to make chips economical given 
coal's lower prices. Even at 35"0 of current sulfur stand-
ards, chips do not enter the solution when assuming 
current coal price levels. When the model is run for 
1987, I 990, and 1992 using current coal prices, wood 
also never entered the solution at the I 00 and 75% stand-
ards. Wood also never entered at stricter standards (50, 
40, and 35%) in 1990 and 1992. In the fifth project year 
( 1987), wood chips did enter the solution, with cleaned 
coal providing 13, 23, and28% of the total heat at 50, 40, 
and 35% standard reductions, respectively. These results 
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hold for the low, most likely, and high price growth 
scenarios. The fact that these results are not consistent 
with later years, 1990 and 1992, may result from the 
price gap widening between coal and wood sufficiently 
in later years to make wood uneconomical. 
Wood chips are not economical assuming current 
coal prices despite the inclusion of pollution abatement 
costs. However, these costs do affect the optimal type of 
coal used. The results in Figures 5 and 6 suggest that 
cleaned coal is the socially desirable, low sulfur coal for 
Ohio boilers. The social cost analysis also shows that if 
pollution restrictions tighten, imported Eastern coal 
may also be used in increasing proportions with 
cleaned coal to help meet tighter pollution standards. 
Significantly, Ohio coal never entered the solutions. 
This fact suggests that Ohio's coal industry will face 
reduced demand unless a greater proportion of its coal 
is cleaned. Interestingly, in later project years (1987, 
1990, and 1992) cleaned coal became the only optimal 
boiler fuel as the price gap between cleaned and 
imported coal widened. Apparently when imported 
coal prices increase relative to cleaned coal, a switch 
back to predominantly cleaned coal appears socially 
desirable over time. 
An important question in the above analyses is 
whether the economic infeasibility of forest chips 
results from current coal prices being depressed relative 
to pre-recession trends. Would forest chips become 
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socially feasible if pre-recession coal prices were to 
return? When the model is run based on pre-recession 
coal prices, the results for the medium boiler change 
substantially. At pre-recession price trends, forest chips 
are used in a wood-coal boiler as of the first project year 
at 50% or less of the current pollution standards. For all 
project years and all fuel price growth scenarios at 50, 
40, and 35% of current pollution standards, the wood 
fuel composition is 13, 23, then 28% of total heat output, 
respectively. 
These results suggest that if pre-recession coal prices 
returned, forest chips as well as wood wastes may be 
socially optimal fuels if stricter pollution standards are 
enacted and enforced. The threshQld price ratio at 
which wood enters the solution, the ratio of wood to 
cleaned coal cost per energy output, is 1.33. It needs to be 
stressed that stricter proposed federal gpidlines do not 
include this boiler size (40.1 MMBTU/hr); thus it is not 
probable that such boilers would have to meet the most 
stringent standard (35%). However, if standards were 
reduced to 50% of current standards, these results sug-
gest that forest chips may still be socially optimal. 
Another pattern shown in the study is that tighter 
standards will impose large compliance costs on boiler 
owners. As the permissible emissions drop (moving 
across Figure 6 from left to right), annual discounted 
costs increase when either current or pre-recession coal 
prices are used. These cost increases are incurred due to 
c p 
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FIG. 7.-0ptimallarge boiler fuel mix as a percentage of current air pollution standards. 
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the use of more expensive and effective pollution 
equipment, the wet scrubber, and the mixing of high 
priced imported coal or forest chips with cleaned coal. 
The optimal pollution control equipment at 100% of 
current standards is a bag house filter; however, as 
current standards are reduced to 75% or less, a wet 
scrubber is the optimal equipment. The total costs go 
up across standards because wet scrubbers have higher 
capital and operating costs and the fuel mix changes 
towards higher priced boiler fuels-imported coal or 
wood. These results indicate that energy users will 
incur higher compliance costs if stricter standards are 
enacted and enforced. Some questions not answered in 
the study are how such costs compare to the social gains 
from reduced pollution, to what extent will these 
higher costs be passed on to consumers, what (if any) 
role should the government or public sector play in 
easing these costs into the market, and how does the 
incidence of compliance costs (compliance costs as a 
proportion of total boiler costs) compare across boiler 
sizes? 
The results of the social analysis for the large-scale 
system are shown in Figures 7 and 8. As in the case of the 
medium boiler assuming current coal prices, forest 
chips never enter the optimal solution (Fig. 7). Even in 
1987, 1990, or 1992 using the low, most likely, or high 
price growth projections, forest chips are never used 
when coal prices begin at current or pre-recession price 
levels. The results again suggest that cleaned coal may 
have an important cost reduction to Ohio boiler users if 
pollution standards are tightened over the coming 
years. As with the medium boiler case, the optimal fuel 
mix favors the use of cleaned coal over imported coal in 
later years as the price spread between the two types of 
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coal is compounded m·e1 time. 
Forest chips ne\·er enter the optimal solution until 
year ten (1990), when the relative price ratio per 
M.MBTll output of wood to cleaned coal is 1.30 in the 
low price projection scenario and assuming pre-re-
cession coal prices. Forest chips appear uneconomical 
until later in the project life for the large boiler due to 
higher wood fuel costs relative to coal costs than with 
the medium boiler. Wood fuel transportation costs are 
higher than the medium case study by approximately 
$0.50/MMBTU output. 
As shown in Figure 8, as pollution standards tighten, 
total annual costs go up. Like the medium boiler case, 
annual discounted costs increase with stricter pollution 
standards. Assuming current coal price levels, costs go 
from $1,909,000 at 100% of current sulfur and particu-
late levels to $2,166,000 per year at 30% sulfur and 50% 
particulate levels. When historic coal prices are used, 
total costs rise from $2,218,000 at the strictest standards, 
or a 20% increase. Costs increase at an increasing rate 
with stricter standards, implying that stricter standards 
increase the marginal costs of compliance. Also, similar 
to the medium case study, the optimal pollution con-
trol equipment goes from use of a bag house filter at 
current standards to a wet scrubber at 75% of current 
standards for all project years. 
These results suggest that forest chips may become 
economical in medium sized boilers sooner than in 
larger boilers provided such strict standards are applied 
to both boilers. Due to the amount of uncertainty 
regarding enforcement of stricter standards and future 
fuel price ratios, the possibility of forest chips becom-
ing a dominant boiler fuel for larger boilers in the near 
future is not supported by these results. Coal prices 
would need to increase above pre-recession levels before 
forest chips in the large boiler appear sociallly desirable 
from an energy user perspective. Other questions about 
socially optimal fuel use include the employment and 
income effects of forest vs. coal use, the environmental 
tradeoffs, and the public sector role in enforcing stricter 
pollution standards. 
SUMMARY OF RESULTS 
This study compares the discounted cash flows of 
wood (wastes, forest or plantation chips), natural gas, 
and coal boilers at varying air and land pollution com-
pliance levels. Three boiler size case studies, small (2. 7 5 
MMBTU/hr), medium (40.1 MMBTU/hr), and large 
(71.1 MMBTU/hr), are developed and compared under 
two types of discounted cash flow analyses (financial 
and economic). The cash flow analysis is based on the 
inclusion of minimal land and air pollution com-
pliance costs (financial) vs. stricter compliance costs 
resulting from newly proposed federal guidelines (eco-
nomic). The economic analysis uses an optimization 
model to internalize sulfur and particulate emission 
shadow prices. 
In the financial analysis, wood wastes are the cheap-
est feedstocks, followed by coal, forest chips, natural 
gas, and energy plantation chips. Given current relative 
prices for coal, wood, and natural gas, only wood wastes 
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in either wood conversion technologies (gasification or 
combustion) are always financially competitive with 
coal. Under current or pre-recession (pre-1982) coal 
prices, forest chips are presently competitive with coal 
only when burned in the small gasifier and in the 
medium gasifier at higher discount rates (15%). Forest 
chips, however, are financially infeasible compared to 
coal if burned in all three sizes of combustion boilers, 
even at higher (pre-recession) coal prices. 
The present economic advantage of wood wastes as 
the attractive wood feedstock for combustion boilers is 
put in perspective by its supply constraints. Using 
Hall's estimates of Ohio's wood waste potential (12), 
sawmill and logging residues could provide about 4% of 
Ohio's 1982 industrial natural gas demand and 3% of 
Ohio's direct industrial coal demand (27). Besides its 
limited supply, current prices for wastes would be 
expected to rise if a large wood energy market deve-
loped. However, since the break-even price difference 
between wood wastes vs. coal conversion is approxi-
mately $2.00/MMBTU output (wood gasification) or 
$1.00/MMBTU output (wood combustion), average 
wood waste prices could go up 50 to 100% before wastes 
would be financially infeasible. 
In contrast to wood combustion, wood gasification 
systems using either wood wastes or chips are finan-
cially quite attractive when compared to natural gas or 
coal boilers. Only the medium scale gasifier using forest 
chips was financially infeasible compared to coal at 
current or pre-recession coal prices, although it became 
feasible at a 15% discount rate assuming pre-recession 
coal prices. This result suggests that wood gasification 
could be the most competitive wood conversion tech-
nology in the immediate future. 
In the economic analysis, tightening pollution stan-
dards for combustion boilers does not make forest chips 
competitive with cleaned Ohio or imported Eastern 
coal at current coal prices. Whereas wood wastes are 
also the cheapest feedstocks in the economic analysis, 
only when pre-recession coal prices are used do forest 
chips become economical. Raising coal prices to pre-
recession levels and tightening pollution standards in 
the economic analysis results in forest chips being fea-
sible for the medium but not large boiler. If pre-re-
cession coal prices are assumed, forest chips are mixed 
with cleaned coal in the medium boiler when current 
air pollution standards are reduced to 50% or lower of 
current standards. Chips, however, are not used until 
the tenth year in the large boiler scenario even if pre-
recession coal prices are used. 
In general, enforcing stricter pollution standards at 
current coal prices shifts combustion fuel reliance from 
cleaned Ohio coal to a mixture of cleaned and imported 
Eastern coal, changes pollution control equipment, 
and raises annual costs. Ohio's high sulfur coal never 
enters the solution for either boiler. Annual costs rise 
due to the use of more expensive pollution control 
equipment and the mixing of more costly imported low 
sulfur coal or forest chips with cleaned coal. Varying 
discount rates and fuel price growth levels do not have 
much effect on these general patterns. 
In comparing wood fuel feasibility, hardwood plan-
tations are simply not economical as boiler fuels given 
current relative fuel prices. A major reason for their 
infeasibility is the high planting and site preparation 
costs. These costs make up more than 55% of total costs. 
In comparison, stumpage costs for forest chips repre-
sent only 8% of total harvest and transportation costs. 
Technological breakthroughs for increasing yields and/ 
or decreasing costs appear necessary before wood plan-
tations in Ohio can be competitive with forest chips or 
coal. 
POLICY IMPLICATIONS 
The results of this study have policy implications for 
four general areas- forestry, coal mining, environmen-
tal regulation, and Ohio's energy future. Each general 
area would be affected if wood energy use increases and 
a tightening of environmental standards occurs in 
Ohio. These implications, of course, are constrained by 
the limited ability to generalize from three case studies 
to all boiler users in Ohio. 
Forest Industry 
The lack of economic and financial viability of forest 
chips over coal given current coal prices suggests that 
Ohio's loggers will not have a significant industrial 
energy market in the near or perhaps intermediate 
future. While some boilers may switch from natural gas 
to wood, the present excess supply of and low prices for 
wood wastes mean that these wood sources should be 
used before forest chips. Forest chips appear economi-
cal only if pre-recession coal prices return and stricter 
air quality standards are enforced. Even then, chips are 
economical only for the medium boiler size. For Ohio 
loggers, the wood boiler market simply does not 
become strong unless important coal price and envi-
ronmental regulation changes occur. Given that forest 
chips are economical only at much higher coal prices, 
low quality wood producers may need to look to other 
markets for expansion such as the residential fuel wood 
market. 
In contrast to forest chips, Ohio's wood wastes, 
although limited in supply, have an important energy 
role in providing small to medium energy users with a 
sustainable low cost fuel. Hall et al. (12) stress the 
importance of Ohio's waste wood supply as another 
energy source for boiler users. Although limited in 
supply, its importance particularly to small to medium 
scale users will be critial in terms of annual cost savings. 
Wood product industries could gain from the sales of 
their waste products to these energy users. 
Coal Mining 
The dominance of cleaned or low sulfur imported 
coal in the economic analysis optimization model, at 
either current or stricter air pollution standards, has 
important implications for Ohio's coal mining indus-
try. If the enactment and enforcement of stricter pollu-
tion standards occurs, Ohio's high sulfur coal industry 
could face a serious drop in demand. To prevent a loss 
in coal revenues plus secondary impacts in employment 
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and income on the coal mining region, the state will 
need to encourage cleaning a greater percentage of 
Ohio's coal. At present 35 coal cleaning facilities exist 
in Ohio, with a potential of cleaning far more than is 
currently being cleaned. These plants are being under-
utilized due to the low demand for cleaned coal and 
problems involved in coordinating coal company inter-
actions. If stricter pollution laws are enforced, cleaned 
coal may become financially more attractive than 
uncleaned Ohio coal since the latter coal requires high 
flue desulfurization costs. This implicit price difference 
may be sufficient to overcome current problems in the 
coal cleaning industry. If not, public policies may be 
needed to encourage cleaning of Ohio coal due to the 
latter's regional and economic impacts. 
Environmental Regulations 
The importance of environmental regulations on 
changing optimal fuel mixes and the maintenance of 
sustainable harvests has been shown by this study. Strict-
er air quality regulations will impose increasing costs 
on boiler operations and alter the boiler fuel depen-
dence to different types of coal. While the state may be 
interested in the secondary impacts (employment and 
income) associated with a decrease in Ohio coal use, 
private energy users will be motivated by the lower costs 
of cleaned or imported coal vs. the cost of expensive 
poillution abatement equi·pment. As environmental 
regulation forces the adoption of pollution abatement 
equipment, concurrent emphasis on research and devel-
opment to decrease the costs of such technologies might 
also be considered. 
While this study does not foresee the use of forest 
chips as a competitive boiler fuel in the near future, 
except perhaps in small or medium gasifiers, environ-
mental policy implications also emerge from the costs 
of maintaining sustainable harvests. Reducing cutting 
cycles to only 20 years through overcutting of forests, 
extremely short rotation lengths for Ohio, would 
rapidly reduce the long-run quality and supply poten-
tial of Ohio's forests. Given the long-run effect on 
Ohio's forests from this reduction and the fact that only 
$2 to $3 per green ton may be saved in total transporta-
tion costs by this reduction, it could be that the private 
market valuation of maintaining sustainable harvests 
does not reflect its user cost or long-run scarcity value. If 
a strong wood chip energy market were to develop, 
environmental regulation might be considered if the 
state felt it socially desirable to maintain a sustainable 
wood supply in Ohio. 
Ohio's Energy Future 
This study suggests that coal rather than wood will 
have an important energy role for Ohio in the coming 
decade. Wood wastes may be a low cost, important fuel 
alternative for small to medium industries or institu-
tions, but wastes from wood manufacturing firms 
simply cannot provide a significant proportion of 
Ohio's boiler energy needs. Only when stricter pollu-
tion standards exist and pre-rc~cession coal prices are 
resumed do forest chips appear economical in combus-
tion boilers. However, energy policies encouraging 
research and development of wood gasification, as 
compared to combustion, could provide Ohio with a 
financially viable alternative to coal boilers which 
might utilize forest chips. Even though wood gasifica-
tion appears the most commercially attractive wood 
energy conversion, the potential forest energy use will 
probably never exceed Ohio's coal use unless wood 
plantations become economical. Thus, coal can be 
expected to play an integral role in Ohio'senergy future 
even if wood chips become competitive in the future. 
In conclusion, only wood wastes and wood gasifica-
tion, wood energy supply, and conversion technology 
appear economical at present. Given currently depressed 
coal and fossil fuel prices, the short-term viability of 
wood chips and expansion of their market to the energy 
area simply do not appear feasible. However, if future 
energy prices exceed pre-recession trends, economic 
recovery strengthens, and stricter air pollution stan-
dards are enacted and enforced, wood may be a desirable 
boiler fuel. 
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APPENDIX A 
FUEL PRICE GROWTH SCENARIOS 
TABLE A-I.-Projected Real Fuel Price Growth Scenarios by Years. 
Annual Real Fuel Price 
Growth Scenarios (Annual Percent) 
Low Most Likely High 
Project Natural Natural Natural 
Years Wood Gas Coal Wood Gas Coal Wood Gas Coal 
1-4 -2 8 3 0 12 5 2 14 7 
5-9 10 5 2 16 7 6 20 9 
10-20 2 13 7 2 12 7 8 16 9 
Source: Table 1.1, Appendix I (36) 
APPENDIX B 
FUEL AND EQUIPMENT COSTS 
TABLE B-1.-A Comparison of Field Data vs. Budgets on Average Annual 
Harvest Costs for High Volume Large-scale Producers (1982 Dollars per 
Green Ton). 
Budgeted 
Cost Large Volume Producer Systemst 
Category Haggard* II Averages 
($/green ton/year) 
Equipment 3 53 520 5 71 481 
O+M 313 268 283 288 
Labor 4.88 3 51 4.51 430 
Fuel 2.48 345 325 348 
M1scellaneous:j:: 1 36 1 45 1 40 1 40 
Stumpage 1 00 1 00 1.00 1 00 
Total 16.38 1719 18 70 16 87 
• Haggard, J. W. (11) Data come from Table 2, p 43, and represent averaged annua\1979-80 costs 
1nf\ated by 25% for 2.5 years Operat1ons and mamtenance costs are Haggard's mamtenance and 
repa1rs plus supplies categones. 
tSystem 1 uses a large whole tree chipper, Morbark 22, one feller-buncher, and grapple sk1dder; 
System II uses a Morbark 22 but only cable sk1dders. 
:(:Miscellaneous mcludes taxes, msurance coverage, owner's salary, and accountant fees. 
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TABLE 8-11.-Delivered Prices for High Sulfur Ohio and Low Sulfur Eastern 
Kentucky Coal in Nominal, Real, and Energy Input Terms (1978-1982). 
- - - - ·-
Ohio Eastern Kentucky 
Energy Energy 
Nominal Real* Input Nominal Real* Input 
User Year ($/st) ($/st} ($/MMBTU) ($/st) ($/st) ($/MMBTU) 
----· 
Electric Utility 
1975 26 9~ 16 02 0 72 31 01 846 0 76 
1979 27 91 i 4 93 0 67 33 60 17 97 0 74 
1980 31 54 14 88 0 67 38 65 1823 0 75 
1981 34 52 15 21 069 43 52 1917 0 79 
i'CJrrtn:) 1982 2s oot 11 07 0 50 40 207 15 89 0 66 
( h!Stcr:c ;.,. 1982 39 31 15 57 0 70 48 98 19 36 0 80 
Industrial 
'981 37 56 16 55 0 75 NA NA NA 
tcurrentl 1982 31 00+ 12 25 0 55 43 47:j: 17 18 0 71 
\h1stor;c1·" 1982 42 12 16 65 0 75 52 04 20 57 085 
Source Oh1c Department of Energy 1982 Goal Pcrces Columbus Ohio 
'Base year :s 1970 using Consumer Pnce Index from USGPO Econom1c Indicators 1970 through 
No ;ember 1982 Wash:ngton 0 C 
tThese 11gures were obta:ned from talking With coal users and mm:ng operators 
:;:Figure Nas est:mated by add:ng $0 05/MMBTU to current 1982 pnce 
.. H:stonc pr:ce trends are denved by :nflat:ng 1981 coai pnces to 1982 levels These h:stonc levels 
reflect the pro1ected pnce trends or patterns up to the 1 982 recess ron 
TABLE 8-111.-Annual Pollution Abatement 
Equipment Costs. 
Pollution Boiler Size 
Abatement Equipment Medium Large 
($1 ,000/year) 
Multicyclone Collectors 
Annual Capital* 190 288 
Annual Operating 31 0 435 
Bag House Filler 
Annual Capital* 90 3 107 0 
Annual Operat:ng 113 4 152 0 
Wet Scrubber 
Annual Capital* 63 9 71 9 
Annual Operating 193 0 2450 
Electrostatic Prec:p1tator 
Annual Cap:tal* 128 0 142 0 
Annual Operat:ng 140 0 155 0 
*Capital costs are based on 15% 1nterest rate assum:ng equal 
annual payments 
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